Relatively low concentrations of methylxanthines increase spontaneous twitching in cultured muscle fibers; they also cause a second activity, escalation, which is the initiation and undiminished propagation of visible waves. The effect on twitching is abolished by depolarizing concentrations of K+ or by tetrodotoxin; the effect on escalation is not. Escalation is prevented by removal of external Ca + + or by the addition of tetracaine.
Embryonic skeletal muscle tissue can be used as a source of single cells that will multiply in tissue culture, fuse to form syncytia, and develop further into striated, contracting muscle fibers (1, 2) . Although such material would seem to be ideal for the study of the developmental physiology of muscle (3) , most of the work on muscle developing in tissue culture has been concentrated on morphological and biochemical aspects rather than on physiological properties. Perhaps the primary reason for this lack of study is that individual muscle fibers grown in a tissue-culture plate contract spontaneously, but infrequently and at random.
We have recently discovered that the methylxanthine theophyllin will dramatically increase the number of fibers contracting at any moment in culture, and that slightly higher concentrations of the drug will bring on a quite different phenomenon, a series of visible, self-propagating waves that travel long distances along the fibers. These results suggest that this approach will permit an experimental dissection of the developmental sequence leading to physiologically mature muscle fibers.
MATERIALS AND METHODS Growth of monolayer muscle cultures has been described in detail (1, 2) . An inoculum of single cells containing both myoblasts and fibroblasts, but no nerve cells, is prepared from leg muscle of 12-day chicken embryos and plated in 60-mm plastic tissue-culture dishes (Falcon Plastics) coated with a collagen substratum. The basal medium was NC (2), supplemented with 10-times concentrated folic acid (final concentration 1 ,ug/ml), 10,000 IU of penicillin, 5 jug/mI of streptomycin sulfate, 10% selected horse serum, and 2.5% embryo extract.
Most of the work reported here has been performed on relatively mature fibers in cultures 2 weeks of age or older. Before drug treatment, the medium was replaced with a physiological salt solution (Tyrode's or Hanks, pH 7.2-7.4), buffered either with 1.4 mM phosphate, 28 mM N-2-hydroxyethylpiperazine-N1-2-ethane sulfonic acid (HEPES), 613 or 15 mM bicarbonate. All bath solutions gave similar results, as long as the pH was controlled.
Membrane potentials were measured with a conventional micropipette filled with 3 MKCI, 10-50 megohms, and recorded with a capacitance-compensated high-impedance amplifier of 20 KHz band width (dc), and monitored both on a cathoderay oscilloscope and a strip chart recorder.
RESULTS

Effects of theophyllin and aminophyllin
After 2 days of growth at 370, most of the myogenic cells in the culture dish fuse to form syncytia that subsequently elongate, synthesize and align the elements of the contractile apparatus, and begin to contract sporadically within the first week of culture. The cultures can be maintained for several weeks, the fibers remaining contractile and progressively maturing until many have the appearance in a phase-contrast microscope of definitive striated muscle fibers with peripheral nuclei (Figs. 1, 2) .
Such fibers have a well-organized sarcoplasmic reticulum, and transverse tubules are present, although perhaps not yet attaining the orientation characteristic of adult muscle (4, 5 
Effects of related compounds
All three naturally occurring methylxanthines (theophyllin, caffein, and theobromine) will both enhance twitching and bring on escalation at similar concentrations. Methylxanthines have been shown to have effects in two experimental systems: they affect Ca++ retention by isolated sarcoplasmic reticulum fragments (6) and in various cell types, they inhibit adenosine 3': 5'-cyclic monophosphate phosphodiesterase activity (7) . We have tried direct application of cAMP, dibutryl cAMP, and cGMP (up to 0.5 mM) to fibers in tissue culture; none of these compounds induces escalation. Application of xanthine itself, up to the limits of its solubility, also fails to elicit an escalation response.
Effects of major ions and compounds affecting their distribution
While constant ionic strength was maintained, the ratio of K+ to Na+ in Tyrode's solution was varied and the effect on induction of escalation by theophyllin was observed. Theophyllin fails to induce twitching at concentrations of K+ above about 15 mM, a concentration that depolarizes the fibers; however, theophyllin will induce escalation that is nearly normal in appearance, even in Tyrode's solution where Na + has been replaced entirely by K +. 1 MM Ouabain does not interfere with induction of escalation by methylxanthine. Tetrodotoxin, known to inhibit sodium conductance in nerve and muscle (8) , eliminates whole-fiber twitching in the cultures, but the fibers continue to escalate. These observations suggest that sodium influx does not play a major role in the escalation phenomenon.
The ion that seems to be most important to escalation is Ca++. A culture kept in Ca++-free saline for 1 hr will no longer escalate when theophyllin is added. If calcium is then restored, escalation follows immediately. Tetracaine, which alters Ca++-binding characteristics of membranes (9), will stop escalation immediately and completely. 
Normal occurrence of escalation
On only four occasions has a fiber been observed to escalate spontaneously. In each of these cases, a single initiation site was found in a single fiber that sent waves over a very limited distance and for only a minute or less. In each case, the bathing medium had just been changed; the change of solution might have resulted in a transient perturbation. This finding suggests that methylxanthines may only magnify a property that is innate but dormant in untreated fibers.
DISCUSSION
Several chemical agents and conditions (e.g., hypertonicity), both in our observations and those of others (10, 11) , produce asynchronous "jiggling" of sarcomeres like that which sometimes accompanies escalation. Such activity of the myofibrils can occur in the absence of escalation and seems to be a separable phenomenon. A slow spread of contracture from the site of (micropipette) injection of Ca++ has been described by Brandt and Grundfest (12) . This contracture has several features that may be contrasted with escalation: the contracture is associated with a centrifugally spreading decrease in sarcomere length, followed by a centripetally moving restoration of resting sarcomere spacing; many sarcomeres are involved simultaneously; there is no wave-like optical change propagated further along the fiber. Therefore, although Ca++-induced contractures may be related in some way to esca lation, they seem clearly different.
It seems simplest to consider both the twitching and the escalation phenomenon in terms of two sets of events: those events associated with an initiating site and those involved in the propagation of the initiated event. Since twitching is absent in K+-depolarized fibers, it presumably represents the usual sweep of an action potential along a fiber triggered by events similar to miniature end-plate potentials naturally and spontaneously occurring in cultured fibers. Spontaneous miniature end-plate potentials and fibrillation have been recorded in both innervated and denervated muscle (13, 14) . Methylxanthines, by their known action on sarcoplasmic reticulum fragments, might raise the ambient concentration of Ca++ in myofibrils, effectively lowering the mechanical threshold of the fiber (15) . This effect would increase the likelihood of small depolarizations inducing contraction and, hence, might result in an increase in observable twitching.
The escalation phenomenon is more difficult to explain. Since there is some evidence from the work of others (16, 17) that reaction of acetylcholine with end-plate receptors leads to influx not only of external Na+, but also of other ions (which might include Ca++), the initiating events might involve acetylcholine receptor sites. The presence of acetylcholine receptor sites in muscle fibers in tissue culture has been described by Fambrough and Rash (18) . Interestingly, we have found that addition of acetylcholine will stop escalation immediately, and this effect can be blocked by prior treatment with curare.
The self-regenerating propagation of a wave subsequent to initiation has yet to be explained. In this regard, perhaps the most interesting report in the literature is that of Ford and Podolsky (19) , who have described in skinned muscle fibers a self-propagating wave of Ca++ release, presumably from the sarcoplasmic reticulum. Such a release of Ca++ might, under our conditions, occur only near the periphery of the fiber, and be of insufficient magnitude to activate the contractile machinery. The associated molecular changes that result in the observed waves of escalation are not understood. However, we have been unable to induce escalation in muscle cultures less than seven days of age, although such cultures twitch spontaneously.
